We have previously determined that exogenous leptin prevents the inhibition of pulsatile luteinizing hormone (LH) release in the fasting rodent. The present study tested the hypothesis that the mechanism by which leptin facilitates high LH secretion is through an attenuation of the stress response produced by a de®cit in energy. Because hypogonadotropism is associated with activation of the hypothalamic-pituitary-adrenal (HPA) axis during both metabolic stress and nonmetabolic stress, our approach included a comparison of whether exogenous leptin could prevent the rise in corticosterone produced by a nonmetabolic stress (immobilization for 2 h), as well as by a widely used metabolic stress (transient glucoprivation by 2-deoxyglucose, 2DG; 400 mg/kg, b.w., i.v.). Each stressor was applied to well-fed ovariectomized rats (n=4±6 per group), 2 h after leptin (3 mg/g, b.w., i.p.) or vehicle administration. Blood samples were collected through an indwelling atrial cannula every 6 min for 1 h before and for 2 h after the stress treatment to measure LH, leptin and corticosterone. During metabolic stress (acute glucoprivation), circulating leptin decreased, corticosterone increased and LH decreased; leptin administration abolished the increase in corticosterone, but pulsatile LH secretion remained inhibited. In contrast, during nonmetabolic stress (immobilization), leptin secretion was unaffected, but circulating corticosterone increased and LH decreased; leptin treatment did not prevent either the increase in corticosterone or the decrease in LH secretion. An important overall ®nding is that leptin can differentially alter the HPA axis depending upon the type of stress. In addition, whether the pattern of leptin is altered depends upon the type of stress. Although a glucoprivic-induced decrease in endogenous leptin can be a stressor responsible for the increase in corticosterone secretion, a nonmetabolic stress-induced increase in corticosterone is not mediated by leptin. Moreover, our results reveal that the depression of LH secretion when leptin is low during reduced energy availability is not due to activation of the HPA axis. During an energy de®cit, exogenous leptin could not restore high frequency LH secretion when HPA function was restored to normal. Finally, the inability of leptin to increase LH secretion in the face of 2DG supports the notion that the action of leptin is dependent upon the degree of glucose availability.
A reduction in food intake suppresses reproductive function by reducing gonadotropin secretion in many mammalian species (1±4). Extensive efforts have focused on the identi®ca-tion of nutritional signals that convey information about somatic nutritional state into the central nervous system to regulate hypothalamic gonadotropin releasing hormone (GnRH) secretion. The discovery of leptin (5) raised the possibility that this secretory product of adipose tissue could be one of these signals (6, 7) . In our recent study of the fasted hypoleptinemic rat, leptin replacement prevented inhibition of pulsatile luteinizing hormone (LH) secretion (8) . A similar effect of leptin has been found in the fasting monkey (9) and sheep (10) .
The physiological mechanism whereby leptin regulates the LH release remains unclear, but it could involve the hypothalamic-pituitary-adrenal (HPA) axis. The increase in circulating adrenocorticotropic hormone (ACTH) and corticosterone concentrations in the fasting mouse (11) and in leptin-de®cit ob/ob mouse (12) raises the possibility that an increase in hypothalamic corticotropin releasing hormone (CRH) activity may play a role. This peptide has been proposed to mediate the suppression of the LH secretion by nutritional challenge, because an i.c.v. injection of a CRH antagonist abolishes the fasting-induced LH suppression (13) . It is also possible that leptin counteracts the increase in the HPA axis activity during fasting to restore gonadotropin secretion. Leptin treatment of the ob/ob mouse, as well as of the fasting wild-type mouse, ameliorates both hypercortisolemia (11, 12) and infertility (11, 14±16) . Nevertheless, it is unclear how leptin regulates the activity of the HPA axis. One likely possibility may be the leptin's regulation of energy availability, because leptin is known to enhance energy utilization in tissues (17, 18) . In this respect, the decline in glucose availability could serve to activate the HPA axis, as evidenced by the increase in circulating ACTH and corticosterone (19) , and the depression in LH secretion (20) during transient glucoprivation produced with a competitive antagonist of glucose (2-deoxyglucose, 2DG). However, we cannot exclude the alternative possibility of a direct interplay between leptin and the HPA axis. Although LH secretion is not determined, Heiman et al. (21) have shown that leptin administration attenuates restraint stress-induced increases in plasma ACTH and corticosterone levels in mice.
The purpose of the present study was to evaluate the hypothesis that the mechanism by which leptin facilitates high LH secretion is through an attenuation of the stress response produced by a de®cit in energy. To control for the possibility that leptin interacts with the HPA axis per se in its regulation of LH secretion, we assessed two different stress responses. We compared whether exogenous leptin could prevent the rise in corticosterone, as an indicator of HPA-axis activity, produced by a nonmetabolic stress (immobilization) and the rise in corticosterone produced by a widely used metabolic stress (transient glucoprivation by 2DG).
Materials and methods

Animals
Adult female Sprague-Dawley strain rats (weighing 260±290 g; Charles River, Wilmington, MA, USA) were individually housed under a controlled environment (12 h of light, 12 h of darkness; lights on at 07.00 h; temperature at 22t1uC), and were provided with regular Purina chow and water ad libitum in the Reproductive Sciences Program Small Animal Core Facility. All animals were bilaterally ovariectomized (OVX) under an anaesthesia of a single ip injection of xylazine (15 mg/kg, Bayer Corporation, Shawnee, KS, USA) and ketamine (100 mg/kg, Fort Dodge Laboratories Inc., Fort Dodge, IA, USA). All procedures were approved by the University Committee on Use and Care of Animals at the University of Michigan.
Experimental protocol
The study was conducted in the absence of ovarian steroids to simplify the experimental model by eliminating any changing effects of sex steroid negative feedback on LH secretion. Two weeks after ovariectomy, animals were randomly assigned into ®ve experimental groups (4±6 animals per group): (i) vehicle-treated+metabolic stress (glucoprivation, 2DG); (ii) leptintreated+metabolic stress; (iii) vehicle-treated+nonmetabolic stress (immobilization); (4) leptin-treated+nonmetabolic stress; and (v) vehicle-treated. To induce transient glucoprivation, 2DG (Sigma Chemical, St Louis, MO, USA) dissolved in 400 ml of saline were injected intravenously at a dose of 400 mg/kg. We previously reported (20, 22) that this treatment inhibits LH secretion in ovariectomized rats without affecting locomotive behaviour. Immobilization was performed by laying rats on their stomach and taping all limbs to a piece of plastic board for the duration of blood sampling (2 h). This procedure had been con®rmed to suppress LH secretion in pilot studies. Groups 2 and 4 received recombinant murine leptin (3 mg/g, b.w., i.p.), generously provided by Amgen Inc. (Thousand Oaks, CA, USA), and the rest of groups received vehicle (phosphate-buffered saline, PBS). We have previously demonstrated that this leptin preparation prevents fasting-induced decrease in pulsatile LH secretion in the rat (8) . A ®fth group that was treated with PBS and remained unstressed was used as a control to assess possible diurnal changes in leptin (11, 23±25) and corticosterone (11, 25) secretion throughout the sampling period. Animals in this group served for control of immobilization because they were not restrained, but they were handled. They also served as an osmotic control for 2DG as they were treated with the same dose (400 mg/kg) of a nonmetabolizable sugar, xylose (Sigma) that was used for 2DG. Xylose in our previous studies was without effect on LH secretion (20, 22, 26) .
Leptin was administered as a single injection at hour x2 to one group of rats. Blood collection began 1 h after the leptin treatment (hour x1).
To evaluate the effect of leptin on the pattern of pulsatile LH secretion for the ®rst 1 h of blood collection, the stressors were not applied until 2 h after leptin pretreatment (hour 0). The dose of leptin and time course of leptin pretreatment for the nonmetabolic stress treatment were chosen based on a previous report in which leptin, administered (i.p., 2 or 4 mg/g) 2 h before beginning of stress (2-h restraint), reduces the stress response (rise in corticosterone) in mice (21) .
Blood collection
Blood samples (approximately 100 ml) were collected every 6 min interval for 3 h through an indwelling atrial cannula (Silastic tubing, 0.64 mm i.d.r 1.19 mm o.d.; Dow Corning, Midland, MI, USA) which had been inserted the previous day under the ketamine/xylazine anaesthesia. An equivalent volume of sterile heparinized saline (10 U/ml) was replaced at each sample removal. Blood plasma was separated by centrifugation, 30 ml of plasma were aliquoted for LH, and the remaining plasma (approximately 30 ml per tube) for each animal was pooled for each ®ve samples (30-min time bins) for quanti®cation of leptin, and corticosterone. Plasma samples were stored at x20uC until assayed.
Hormone assays
Plasma LH concentrations were determined in single aliquot by a double antibody radioimmunoassay (RIA) with rat LH RIA reagents provided by the National Hormone and Pituitary Program (Baltimore, MD, USA) and are expressed in terms of NIADDK-rLH-RP-3. Assay sensitivity, de®ned as 2 SD from the buffer control, averaged 0.027 ng/ml at 95.4% of B/Bo (n=3 assays) for 30 ml plasma, and the intra-and interassay coef®cients of variation were 5.60% and 11.80% at 75.8% of B/Bo, respectively. Leptin was measured in single 100 ml aliquot of the pooled plasma using a Rat Leptin RIA Kit (Linco Research Inc., St Charles, MO, USA; 100% cross-reactivity with mouse leptin). Assay sensitivity, de®ned as 2 SD from the buffer control, averaged 0.12 ng/ml at 96% of B/Bo (n=2 assays) for 100 ml plasma. The intra-and interassay coef®cients of variation were 3.37% and 12.84% at 71% of B/Bo, respectively. Corticosterone was measured in single 50 ml aliquot of the pooled plasma using a corticosterone 125 I RIA Kit (Diagnostic Products kit, Diagnostic Systems Laboratories, Inc. Webster, TX, USA). Assay sensitivity, de®ned as 2 SD from the buffer control, averaged 0.004 mg/ml at 97.3% of B/Bo (n=1 assay) for 50 ml plasma, and the intra-assay coef®cient of variation was 3.20% at 87.6% of B/Bo.
Statistical analysis
LH pulses were identi®ed by the Cluster Analysis, developed by Veldhuis and Johnson (27) using a modi®cation of the parameters previously described (28) . Mean LH concentrations and the frequency and amplitude of LH pulses were calculated in each individual and then for groups. To evaluate the effect of stress on the parameters of LH secretion, plasma leptin and corticosterone concentrations, percent changes in hormone levels after stress were determined. In each individual, the average control level from the values of the ®rst 1 h was determined for each hormone, and the percent changes from the mean in concentrations at each time point after stress treatment were calculated. Statistical differences among groups were determined by analysis of variance. Post-hoc comparisons were made by Duncan's multiple range test. Student's t-test was used to compare mean leptin and corticosterone levels between the ®rst hour and the second or the third hour in the nonstressed control group, and to determine the effect of leptin on mean corticosterone levels and LH pulse parameters before stress (hour x1 to 0).
Results
Leptin and corticosterone
The patterns of circulating corticosterone and leptin throughout 3-h sampling period in representative individuals are shown in Fig. 1 . In the nonstressed control group, there were no signi®cant differences in plasma leptin or corticosterone levels between the ®rst hour (1.28t0.14 ng/ml in leptin; 0.33t0.03 mg/ml in corticosterone) and the second (1.27t0.19 ng/ml; 0.36t0.05 mg/ml) or the third hour (1.21t0.25 ng/ml; 0.36t0.05 mg/ml). Thus, there were nō uctuations in patterns of leptin or corticosterone to confound the effects of short-term stress treatments. Before the application of either type of stress, the level of corticosterone secretion was not altered (Table 1) by the leptin treatment. Our control plasma corticosterone levels in females are within variation of the reference data (Diagnostic Products). Basal corticosterone levels differ between genders in the rat, and females show much higher plasma concentrations of the hormone than the counterpart (29) (see data published in the instruction the Diagnostic Products assay kit). Exogenous leptin resulted in an 18.7-fold (mean during hour x1 to 0) higher circulating leptin concentrations over normal levels.
In the metabolic-stressor experiment, administration of 2DG signi®cantly decreased plasma leptin and increased plasma corticosterone above basal levels from 1±2 h after the injection (Fig. 2) . Leptin-pretreatment prevented this 2DG-induced increase in plasma corticosterone (Fig. 2) . In the nonmetabolic-stressor experiment, immobilization also increased plasma corticosterone above the basal levels, but exogenous leptin could not prevent this increase in corticosterone (Fig. 2) .
LH
Exogenous leptin did not change the pattern (Fig. 1) or level (Table 1) of LH secretion before the application of either type of stress (hours x1 to 0). In the absence of leptin when circulating corticosterone was increased, either 2DG or immobilization abruptly blocked pulsatility of LH secretion ( Fig. 1) and reduced all parameters of LH secretion (P<0.05, Table 2 ). Leptin treatment did not reverse the suppression of LH secretion induced by either stressor regardless of whether corticosterone was suppressed (glucoprivation) or remained increased (immobilization) ( Fig. 1 and Table 2 ).
Discussion
The present results argue against the simple hypothesis that leptin counteracts the stress response (activation of the HPA axis) to reinstate LH secretion. We found that leptin can prevent the increase in plasma corticosterone concentrations induced by a metabolic stress (glucoprivation), but yet the amplitude and frequency of LH pulses are not restored to normal by leptin. Such ®ndings bear upon several issues, namely the relationships between leptin and activity of the HPA axis, between activation of the HPA axis and LH secretion, and among leptin, glucose availability and LH secretion.
Leptin and activity of the HPA axis
The present study revealed interesting associations between the ability of leptin to ameliorate different types of stress and the ability of different types of stress to regulate its secretion. We found that leptin was unable to prevent the increase in plasma corticosterone induced by a nonmetabolic stress. This ®nding contrasts with that of Heiman et al. (21) , who reported that leptin attenuated the increase of plasma ACTH and corticosterone in restrained mice. Regardless of the discrepancy, this same treatment was able to prevent the rise in corticosterone induced by a metabolic stress (glucoprivation). This suggests that the action of leptin depends on the type of stress. The regulation of leptin secretion also depends on the type of stress. Glucoprivation, but not immobilization, inhibited endogenous leptin secretion when plasma corticosterone started to increase. Among the many substances involved in the regulation of leptin secretion, insulin is known to be a potent stimulator. The fasting-induced decrease in plasma leptin is reversed by insulin replacement (30) . Recently, Mueller et al. (31) have found that glucose metabolism mediates the increase in leptin secretion by insulin in vitro. In their study, insulin-induced leptin secretion from isolated rat adipocytes is inhibited by the addition of 2DG to the incubation medium. In accordance with their ®nding, the present in vivo results show that a reduction in glucose availability by 2DG inhibits leptin secretion. Furthermore, our experiment suggests that the reduction of leptin secretion is responsible for the glucoprivic increase in the corticosterone concentrations, because exogenous leptin abolished the changes in corticosterone. However, this conclusion needs tempered, because glucoprivation per se stimulates CRH release regardless of the presence of leptin in in vitro studies. Previous reports have shown that CRH release is stimulated from hypothalamic explants during glucoprivation by the addition of 2DG into leptin-free medium (32) or by the withdrawal of glucose from the leptin-free medium (21) . In the latter study, the addition of leptin abolished the increase in CRH (21) . Taken these results together, it is plausible that leptin serves as a permissive factor such that low concentrations allow glucoprivation to stimulate CRH neurones.
Activation of the HPA axis and LH secretion
Our study provides evidence for differential roles of leptin on the stress and reproductive axes. It is well recognized that stress inhibits reproductive function (33) . Most studies that have examined the role of the HPA axis on the stressinduced suppression of LH secretion have concluded that the hypothalamic component of the axis is involved in the suppression. In this respect, an intracranial injection of CRH was found to depress plasma LH concentrations in the rat (34±36) and monkey (37±39), and a CRH antagonist blocked the decline of the LH levels induced by foot-shock stress in the rat (40) . In the present study, leptin prevented an increase in plasma corticosterone concentrations induced by a glucoprivic stress without affecting the stress-induced suppression of pulsatile LH secretion. Some evidence exists in vitro that leptin can inhibit corticosterone secretion by acting at the level of the adrenal gland, but not at the anterior pituitary (41) . Based on this in vitro evidence, we would have expected that in our in vivo study leptin to block all stress responses regardless of how they are induced. However, we found that while leptin could suppress the glucoprivic-induced increase in corticosterone levels, it did not prevent those induced by immobilization (discussed above). Thus, it is possible that the action of leptin is mediated through CRH neurones rather than at the level of the pituitary gland or adrenal gland. Leptin receptor has been found in the CRH neurones in the parvocellular part of the hypothalamic paraventricular nucleus (42), a site where some CRH neurones project to the median eminence (43, 44) . Because leptin replacement did not reverse 2DG-induced inhibition of LH secretion, the mechanism by which leptin regulates the stress axis appears to be independent from the mechanism whereby leptin in¯uences the reproductive axis. If CRH regulation is involved in leptin action, then why does leptin not restore normal LH secretion when it prevents activation of the HPA axis (corticosterone increase) by glucoprivation? Most likely, a second pathway plays a role in inhibiting LH secretion during stress, a pathway that does not involve the pituitary or adrenal glands. In this regard, CRH axon terminals have been found to contact synaptically with GnRH dendrites in the rat medial preoptic area (45) , where local infusion of CRH inhibits GnRH secretion in the median eminence (46) .
Glucose availability and LH secretion
Finally, the important question may be raised as to why preventing the decline of circulating leptin abolishes the suppression of LH during fasting, but not during glucoprivation. We used the same dose and route of administration as in our previous study which the fasting-induced suppression of LH secretion was restored to normal (8) . Although the duration of exposure was less in the present study (3 h versus 40 h), exogenous leptin was clearly able to exert a biological action within the 3-h time frame as evidenced by its ability to prevent the glucoprivic rise in corticosterone. Another explanation for our ®nding that leptin did not overcome the glucoprivic inhibition of LH secretion is that glucose and leptin share the same energetic pathway in the regulation of LH release. The mechanisms whereby leptin stimulates energy consumption are considered to involve increases in intracellular lipid (17, 18) and glucose metabolism (47±49). Regarding the latter possibility, leptin has been found to stimulate cellular glucose availability in the peripheral tissues by sensitizing insulin receptors (50) , glucose uptake (47, 48) and intracellular metabolism of glucose (47) . It is plausible that exogenous leptin did not restore normal glucose metabolism, regardless of all of these positive actions to increase glucose availability, because 2DG, by acting as a competitive antagonist at the hexokinase level (51) , produced a shortage of oxidizable substrate. Such a hypothesis has been proposed recently by Schneider et al. (52) who found that glucoprivation (2DG) prevented the positive effect of leptin treatment on restoring oestrous cycles in fasting Syrian hamsters. It is also noteworthy that the infertile ob/ob mouse which is leptin de®cient has reduced glucose availability because of its type II diabetes (53) . Taken together, the present results raise the possibility that leptin controls pulsatile GnRH release by modulating cellular glucose availability.
